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Does In recent years the IRT has been one of NASA's busiest wind tunnels.
The bar chart in Figure 1 shows the number of hours of running time in the IRT in each year since 1990.
Previous Upgrades and Long-Range Plans
Although the basic structure of the IRT dates back to 1944, many components of the facility have been upgraded since that time. In addition, instrumentation, controls, and data acquisition systems have been regularly upgraded to include current technology. Major upgrades to the IRT are listed in Table 1 . The fan drive motor was replaced in 1986, doubling the available power to 5,000 horsepower.
In 1992 and 1993 the insulation on a large portion of the tunnel was upgraded and an external force balance was installed. In 1993 new fan blades were installed with pitch angles modified to use all the available power in the drive motor. This resulted in an increase in maximum tunnel airspeed from 305 to 420 miles per hour.
In 1994 an IRT Long-Range Improvement Plan was developed, in which the foIlowing four goals were established:
(1) Increasing the size of the uniform icing cloud in the test section, (2) improving and increasing the capability of the spray system, (3) improving the tunnel's aerodynamic flowquality under dryoperating conditions, and(4)increasing themaximum airspeed in the tunnel. Thislong-range planning resulted in the successful advocacy for a new spraybarsystem (1996/97) 2andareplacement heat exchanger (1999) , asnoted in Table1. Thefirstthreeofthegoals of the long-range plan havenow beenmet throughthe successful completion of theselatesttwo upgrade programs. It is nowclearthatthefourthgoal, thatof increasing thetunnel's maximum airspeed above the 430mphachieved in 1994, is notachievable withthe current drivemotor. Also,the noiselevelsin the controlroomduringoperations at airspeeds above 400mphwerefoundto be too highfor sustained testing. Afterthenewheat exchanger wasinstalled in 1999therewas a furtherreductionin maximum airspeed to about390 mph underdry operating conditions. However, duringicingsprays thetunnel airspeed doesnot decrease significantly with the buildup of frost onthenewheat exchanger. Therefore, tunnel operations duringicingtestscontinue to meet most customer test matrix requirements. ScoRe_ This paperdescribes the rationale behindthe 1999 programof IRT upgradesand the program's requirements andgoals.An overview is givenof the scopeof work undertaken by the designand construction contractors, thescale-model IRT(SMIRT) designverification program, the comprehensive reactivation testprogram initiateduponcompletion of construction, andthe overallmanagement approach followed.
Airflow around the IRT Loop
One of the major objectives of the 1999 program of IRT upgrades is to improve flow quality within the Test The total pressure in the air stream is raised by the fan, in the amount required to offset pressure losses that occur throughout the rest of the tunnel loop. Air temperature is also increased as a result of the heat of compression. This is the main source of heat that must be removed from the tunnel by the heat exchanger further downstream.
The outflow of the fan passes through a transition duct, which changes in cross-sectional shape from circular to rectangular, and then through the Vent Tower Section. The movable sidewalls of the vent tower are normally closed, but after icing tests they can be moved inward to allow outside air to mix with the flow and help dry out the tunnel.
From the Vent Tower the flow passes through the turning vanes in Comer C and then through the heat exchanger, where its temperature is lowered. As illustrated in Figures 2(b) and (c), the fin-tube panels of the original heat exchanger are arranged in the shape of a "W" laid on its side. This increases the flow areas of the individual panels and thereby decreases airspeeds over the coolant tubes to an acceptable level. The flow then passes through the turning vanes in Comer D and back to the Stilling Chamber.
Defidencies to be Corrected by Upgrades
In recent years, deficiencies in the operation and maintenance of the IRT clearly indicated that certain components in the supply legs of the tunnel -from the fan to the Stilling Chamber -needed to be replaced and improved.
The current upgrade program was designed to correct the following deficiencies:
Obsolete Electronic Controls for the Fan Motor
The 5,000-hp synchronous motor driving the IRT fan was installed in 1986 with a "Varichron" AC-DC-AC 
Corrosion of the C-D Leg Floor and Ceiling
Over the years, residual water from icing tests had badly corroded the steel floor plates in the C-D leg. Rainwater had also seeped under the roofing material, saturating of the roof insulation and corroding the ceiling plates. Condensation on the outer sides of the steel plates also added to the corrosion.
Local repairs were made, but it was clear that the steel structure in the C-D leg could not be easily modified to support a new heat exchanger.
In addition, the existing heat exchanger and the surrounding steel structure were so closely connected that it was impractical to replace the heat exchanger without replacing a large portion of the structure as well.
Flow Distortions from the W-Shaped Heat Exchanger and Motor Stand Leg Fairings
The airflow in the supply legs, from the vent tower section downstream of the fan through the refrigeration heat exchanger and into the stilling chamber has been shown to be unevenly distributed across duct flow areas. 3.4 The two main causes of these flow distortions were the "W" shape of the heat exchanger and the presence of two large fairings around the legs of the fan motor support stand below the fan motor nacelle.
These leg fairings are shown in Figure  3 . The nonuniform distribution of airspeed across the heat exchanger produced non-uniform cooling rates, and this required a complicated balancing of the coolant flow through the various HX panels in order to achieve a uniform air temperature in the Test Section.
IRT Upgrade Proaram

.Obiectives
The objectives of the 1999 IRT upgrade program, in priority order, are as follows: 6. Improve the insulation on the walls and roof of the C-D leg and add insulation to the floor, reducing the thermal load on the heat exchanger.
The goal of the program is to obtain these objectives without reducing the overall performance of the IRT in its icing environment. The various phases of the current upgrade program are listed in Table 2 , together with the performing organizations, dates, and (where applicable) costs for each.
A brief description of each phase follows.
Conceptual Design Phase
Feasibility and conceptual design studies for a replacement heat exchanger were conducted in-house as early as 1994. 5 These studies helped define the overall scope, geometric configuration, and objectives of the tunnel upgrade program.
The selected configuration for the IRT upgrades is shown schematically in Figure 4 . The two HX units were offset from one another in order to provide access for maintenance that might be required on the end turns of the coolant tubes. By offsetting the units in the streamwise direction there is almost no loss of active flow area, as would be the case for a maintenance corridor between units that are not offset.
The major disadvantage of changing to a flat heat exchanger is that the width of the C-D leg had to be increased.
The "W" shape of the original heat exchanger ( During the design of the steel structure of the new C-D leg, special attention was given to mitigating the effects of corrosion that had been a continuous problem with the original IA-inch (6.4-mm) thick plates forming the duct flow surfaces. The thickness of the steel plates forming the duct was increased by 1/16 inch (1.5 mm) over the thickness required for strength and stiffness. With this corrosion allowance, the new floor plates are 3/8 inch (9.6 mm) thick and the wail and ceiling plates are 5/16 inch (8.0 nun) thick.
In addition, the paint system was selected for maximum protection against corrosion, and consisted of a moisture-cure urethane paint containing a micaceous iron oxide (MIO) additive.
This additive, in the form of flakes, provides toughness to the paint during the large temperature changes occurring during IRT operations.
The conceptual design phase also defined two upgrades to the fan motor subsystem. These included replacement of the electronic controls for the variablespeed motor and the installation of outlet guide vanes around the fan motor housing directly downstream of the fan blades. Figure 6 is a block diagram of the drive electrical system. It was determined that the maintenance problems with the drive were centered in the obsolete microcomputer.
The other hardware in the system worked well, without any of the deficiencies described earlier. Therefore, bids were requested for the replacement of the microcomputer alone, with options to replace the entire system.
Earlier measurements of airspeed and flow angularity in the Vent Tower
Section, downstream of the fan, showed that airspeed was highly variable across the entrance to Comer C. When the outflow of the fan was swirling in the direction of rotation, the two long fairings on the legs of the fan motor stand were found to concentrate the flow along the floor and near the inner wall, with relatively low airspeeds along the ceiling near the outer wall.
Outlet guide vanes were selected as a means of removing the swirl and making the airspeed distribution more uniform as the flow enters Comer C and the heat exchanger.
This was expected to result in a more-uniform temperature distribution in the flow leaving the HX.
The selected OGV design was that of a set of cambered airfoils placed radially outward from the fan motor housing at 24-deg intervals.
As shown by the cross- between the leg fairingswas eliminated as both unnecessary andinterfering with personnel access to the fan blades. Therefore, only 12 OGV'swere required. Thetrailingedge ofoneOGVwasnotched to permit opening ofanaccess door in thefanhousing.
To avoidany structural resonance excitedby the passing ofthe12blades of thefanuptoitsmaximum speed of460rpm,thefundamental natural frequency of theOGV's wasrequired tobeatleast 100Hz.
Preliminary and Final Design Phases
On the basis of this series of in-house concept studies, approval was received to proceed with preliminary and final design. The air loading on the turning vanes is directed mainly outward along the corner diagonal.
To carry two-thirds of this load, two horizontal tie plates of a glass- The inboard end slides in a composite socket bolted to the fan motor housing, for thermal stress relief.
Two internal webs are required for the structure to achieve the specified minimum natural frequency of 100 Hz.
The additional stiffening of carbon-fiber fabric in the laminate was also needed, as shown in Figure 90a ).
Design Verification Phase with SMIRT
The quantitative effects of the major modifications planned for the IRT were largely unknown at the start of this upgrade program. Changes such as widening the C-D leg, using fewer and larger turning vanes with The radial locations of the fairings on the North and South legs of the fan motor support stand are indicated in Figure 1 l( Another example of the SMIRT test data is shown in Figure 5 Figure  18 , at the bottom of the seventh vane from the left. The view is upwind. Several of the wood fan blades can be seen in the background, with their leading edges covered by protective rubber boots. Figure 21 shows the socket connections to the motor housing that provide for differential thermal expansion and contraction in the radial direction. Also shown in this figure is the OGV with its trailing edge cut out to allow an access door to open in the motor housing.
Reactivation Phase
A comprehensive series of reactivation tests was begun in December 1999, near the end of the construction phase of the upgrade program. |4 The most important of these reactivation tests are listed in Table 2 , together with their objectives.
A detailed discussion of the results of these tests and some of the lessons learned from them is available) 5 A brief overview will be given here.
Reactivation of the IRT began with static and low-
speed checkouts of the new electronic controls for the fan motor.
Motor speed was then gradually increased to its maximum allowable level of 460 rpm to verify safe and stable operation of the motor controls and the aero-structural integrity of components such as the fan blades, the new turning vanes, and the new OGV's.
Strain gages on the fan blades and accelerometers on the turning vanes and OGV's were used to monitor stresses and vibrations, which were all below allowable limits. Figure 27 is a layout of this uniformity grid and the nomenclature used to record ice thickness data. Figure 28 is a typical contour plot of the variability of ice accretion across the Test Section, expressed as deviations of local thickness from the average thickness.
A side benefit of the replacement heat exchanger project was realized when, for the first time in the IRT, the two different types of water spray nozzles (Standard and Mod-l) were installed side-by-side. Install new spraybar subsystem and upgrade controls, increasing number of bars from 8 to 10.
Icing cloud size and uniformity increased approximately 100 percent. Time required to stabilize the icing cloud decreased 90 percent. Install cold room 3D laser scanner for recording ice shapes.
Install new insulated siding on east half of tunnel (2-in. foam core with steel face sheets). Install new wood fan blades with increased pitch, increasing max test airspeed from 305 mph to 420 mph. Increase number of spraybars, from 6 to 8.
Install new insulated siding on West half of tunnel (2-in. foam core with steel face sheets).
Install 5-component external force balance. Install video cameras and test section lighting to monitor ice accretion.
Replace fan drive motor, increasing power to 5,000 hp. Upgrade controls to digital Varichron system. Upgrade other tunnel and refrigeration controls from analog to digital.
Fabricate spare set of wood fan blades. Year --(5) - The two long fairings over the legs of the motor support platform cause large variations in downstream air velocities. 
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